ABSTRACT
INTRODUCTION
Heat transfer and fluid flow in tube bundles represents an idealisation of many industrially-important processes. Tube banks are openly employed in crossflow heat exchangers, the design still relies on empirical correlations of pressure drop and heat transfer. Heat exchangers with tube bundles in crossflow are of a major operating interest in many chemical and thermal engineering processes (Buyruk et al., 1998; Incropera et al., 2007; Kaptan et al., 2008; Liang and Papadakis, 2007; Mandhani et al., 2002; Wang et al., 2000) . Flat tubes, despite not having been assessed to the same extent, play a significant role in many technical applications, such as automotive radiators and modern heat exchangers. Designs have recently been provided for use in air conditioning systems for automotive evaporators and condensers. Recent developments in automotive aluminium manufacturing technology have made the cost of the construction of flat tube heat exchangers more propitious (Webb and Kim, 1994; Suryanarayana et al., 2011; Muthucumaraswamy et al., 2012) . In addition, flat tube heat exchangers are expected to offer the best air-side heat transfer coefficients and minimum air-side pressure drops compared with circular tube heat exchangers. The pressure drop in flat tubes is expected to be less than circular tubes due to a smaller wake area. For the same reason, noise and vibration are expected to be less in flat tube heat exchangers compared to circular tube heat exchangers. Tahseen et al. (2012a Tahseen et al. ( ,b, 2013 have conducted numerical studies on incompressible, steady state flows using the body fitted coordinate (BFC). The first study concerns heat transfer over a series of flat tubes between two parallel plates. In the second study examines heat transfer over two staggered flat tubes, and the third study looks at heat transfer over the in-line banks of a circular tube. The studies show that the Nusselt number increases with an increase in Reynolds number. In this paper, the cooling process was experimentally examined with a staggered flat tube configuration with a diameter ratio of the tube D/d = 1.85. The Reynolds number for external air flow was based on the mean free stream air velocity and the outer hydraulic diameter the tube, which varied from 373 to 623, and the heat flux supply to all tubes ranged between 967.92-3629.70 W/m 2 . Experiments were conducted Tt detect the effects of the Reynolds number on the air pressure drop across the flat tube banks and the heat transfer rate.
EXPERIMENTAL SETUP AND DETAILS
The flat tube arrangement was made from aluminum, with a small diameter of 10 mm and larger diameter or 18.5 mm, with a tube thickness of 1 mm. The outer hydraulic diameter D h = 13.5 mm, and all tubes had a length of 200 mm. Double electric heaters were inserted inside the tubes to simulate the heat flux originating from a hot fluid. For all the arrangements, four rows were placed in the direction of external flow over all tubes, as shown in Figure 1 (a). Sixteen flat tubes were then assembled according to the design presented in a drawer from Teflon type Polytetraflu-oroethylene (PTFE), which is the test module. Losses were minimised by holding the end of the flat tube between two Teflon walls separated by a distance L = 200 mm, as shown in Figure 1(b-c) .
Thirty-two heating elements were used, consisting of cylindrical electric heaters, each rated at 50 W up to 850 W with 220 V AC. The outside diameter of the electric heaters is 8 mm and their length is 200 mm, the diameter being small enough to insert into the aluminium tubes. The heaters were connected in parallel, and two variable AC voltage sources used that produced voltages ranging from 0 to 125 V. The maximum power supply was 220 V and a maximum current of 2.5 A was supplied from the variable AC voltage sources -LOADSTAR 850 models. The current and voltage measurements were performed with a current clam meter and volt measurement meter, respectively. Fifteen thermistors of type EPCOS B57164K0102J NTC (resistance 1000 Ω at 25 o C) were placed in the test module. All thermistors were placed in the centre between the side walls of the wind tunnel, and along the midline of the channels. Four thermistors were placed at the arrangement inlet (T in,1 -T in,4 ), four at the surfaces of the tubes (T s,1 -T s,4 ) and five at the outlet (T out,1 -T out,5 ) in one channel. An additional thermistor (T bef ) was placed in the extended region at 400 mm before the test module, in order to measure the temperature of the free stream.
Thermistors at the surface of the tubes showed that the difference between the tubes in one channel is negligible, and are within a ±0.57 °C margin with respect to the average of the four thermistors. Finally, the thermistor placed in the extended region for measuring the free stream temperatures measured a ±0.22 °C margin with respect to the (Collett and Hope, 1983) . Each run was started by selecting the voltage and current supply to the cartridge heaters and air velocity of the free stream, then we waited 2.5-3.0 hours while monitoring the changes in voltage, current, T bef , T in,1 -T in,4 , T s,1 -T s,4 and T out,1 -T out,5 . The relative changes in the voltage, current and temperature were less than 0.5-0.8%, 2-2.2% and 0.044-0.075%, respectively. These changes were estimated relatively by repeating the same value Re Dh value within 7.5-9 hours. It should be noted that these relative changes are small when compared with the uncertainties in the relevant measurements.
In this experiment a steady state flow is assumed. To investigate in the following relations for the relevant air properties and used in the following calculations. It is based on data and valid for the range of temperatures 250 2 400
in out 
The steady state heat balance of the electrically heated test surface can be written as Eq. (6). C, in approximately 0.0102-0.15% of the air side convection heat transfer coefficient, h . Thus the heat transfer between the air and the surface of the tubes was in fact due to convection, and the mechanism of Eq. (6) was rewritten (Naik et al., 1987) :
where 
The dimensionless average heat transfer coefficient of the air, namely the Nusselt number, was calculated from Eq. (10):
where the hydraulic diameter:
The Reynolds number is defined as Eq. (12):
The dimensionless pressure drop is defined as Eq. (13):
where nt is the number of tubes Experimental uncertainty issues were dealt with in Journal of Heat Transfer (1993), Dieck (1997) and in Holman (2012) . There is more than one way to estimate the uncertainty in the experimental results and has presented by Kline and McClintock. The few sample calculations here. The independent parameters are the tube dimensions, temperature, velocity, etc., and the dependent parameters (like D h , Re, Q elect , Nu, etc.) are independent functions of other measured parameters, an uncertainty for the independent variable separates them, according to their functional relationship. The example chosen is the case of the electric power (Q elect ). The uncertainties in the current and voltage propagate in Q elect , and can be estimated in terms of relative or absolute values (%), as follows: Relative
The uncertainties in determining D h , Q elect , Re, Nu, C P , were estimated and found to be approximately 5.68%, 2.26%, 4.2%, 3.91%, and 2.79% respectively.
RESULTS AND DISCUSSION
This section presents the experimental results for laminar-forced convection heat transfer across tube bundles with a staggered configuration. The main objective of this study is to determine the Reynolds number-Nusselt number relationship and the heat flux input-Nusselt number relationship. Figure 4 shows the variations in mean Nusselt number (Nu) with Reynolds number (Re) for different heat flux supplies. From Figure 4 it can be seen that Nu increases with increases in Re for all heat flux supplies. The reason being the temperature difference between the hot surface of the tube and air flow increasing as the Re increases. Also, the time of contact between the air flow and hot surface of the tube is not enough and decreases with an increasing Re. In addition, the Nu number increases almost linearly with an increase in Re. The variation in Nu with 907 the total heat flux supply at different free stream velocities is plotted in Figure 5 . The figure shows the Nu increasing nearly linearly with the increasing total heat flux supply. Nu increases with an increase in the free stream velocity of the air flow. 
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of the air means heating cold air, which initially has a slightly higher density. In this circumstance the density estimated at average air temperature between inlet and outlet ( ) 2 in out TT  , was relatively highest in this work. The C P decreased progressively and approaches the value of 0.14 Re increase and awarding an increase in the decreasing rate of C P as shown in Figure 6 The relationship between the mean Nusselt number and the Reynolds number is plotted in Figure 7 . The Nu increases with the increases Re in the power law formalises. The relationship between them was determined as
where C 1 and C 2 are the coefficients of the fitting curve as listed in Table 2 . Figure 6 presents a comparison between the present experimental work and the results two previous works. It is shows that the experimental results agree well with Hausen (1983) and Khan et al. (2006) . It is evident that the Reynolds number is major factor affecting the heat transfer rate. Figure 7 . Comparison between the current study and different empirical correlations for Nusselt number.
CONCLUSIONS
The forced convection crossflow heat transfer of cold air over an array of hot aircarrying flat tubes has been study experimentally. The Reynolds number changes in response to changes in the average free stream velocity, and the heat flux for the system changes in response to the changes in the voltage supply. The results can be summarised as:
i) The average heat transfer coefficients for the flat tube bundles depend on the mean free stream velocity of the air and the heat flux supply. ii) The heat transfer rate increases with the increase in mean air velocity.
iii) The mean Nusselt number for all the flat tubes is increased by 11.46-46.42% in the Reynolds numbers range of 373 to 880 for the fixed heat flux. Also, they increase between 21.39-84% for a Re = 623, and the heat flux supply ranges between 967.9 to 3629.7 W/m 2 . iv) The pressure drop increases with an increase in the mean velocity of the air flow and the dimensionless pressure drop decreases with an increase in mean air flow. v) Finally, the Nusselt number-Reynolds number correlation was found to be 
